Abstract-In this paper we report on recrystallized amorphous hydrogenated germanium (a-Ge:H) thin film on polyimide to fabricate flexible near infrared (NIR) light sensitive resistors that can be used in flexible electronics. In this work we investigate the effect of pulsed excimer laser annealing of a-Ge:H thin films for fabrication of low temperature photo-detectors operating in the NIR.
INTRODUCTION
Germanium is a well-known group IV semiconductor with an indirect bandgap at 0.66eV, a direct one at 0.8eV and excellent charge carrier mobility. Germanium has been widely used in electronics for the fabrication of thin film transistors (TFTs) and optoelectronics as an active material for enhanced tandem solar cells, as well as in the fabrication of photodetectors, radiation detectors. The addition of germanium to silicon provides lower thermal budget processing for creating crystalline material [1] , [2] . Its relatively low melting point and correspondingly low process temperatures make germanium-based electronic components ideal candidates for the realization of high-quality flexible displays and implementation of germanium based electronic components on organic material, commonly used in flexible and wearable electronics. Low temperature crystallization methods mitigate thermal damage to the polymeric constituents of flexible electronic structures and represent a key step in the process development for such applications [3] . Low thermal processing temperature and linear electrical response are therefore essential requirements for use of germanium in flexible electrooptic components such as light dependent resistors (LDRs) [1] , [3] , [4] .
Photo-resistors or light dependent resistors (LDR) are devices for which the electrical resistance changes upon illumination and are often implemented as simple and cost effective optical components in sensor technologies [5] , [6] . Some wellestablished applications of LDRs include radiation detection systems, motion sensing and fire detection systems. Due to their intrinsic gain, large responsivity dynamic range, relatively fast response and ease of use in circuit element design, LDRs are generally preferred to capacitive components. Some traditionally used materials for LDR in the NIR and MIR regime include lead sulphide (PbS) and indium antimonide (InSb). However based on their intrinsic charge carrier properties, the former is prone to internal noise in frequency ranges higher than 1 kHz which is more common in today's electronic circuits, and the latter requires cryogenic cooling for optimal operation, due to their carrier mobility dependence on the operation temperature [5] - [8] .
The work described here takes advantage of the low thermal processing characteristics of germanium and investigate the use of laser annealed hydrogenated amorphous germanium (a-Ge:H) in making flexible photo-resistors that operates in the NIR and can be integrated into low-temperature processes. Devices are fabricated using plasma enhanced chemical vapour deposition (PECVD) using a multi-layered structure on flexible polyimide films. Electrical and optical characterizations were performed in order to evaluate device linearity, and spectral response in both crystalline and noncrystalline samples. As an intrinsic semiconductor material, amorphous germanium (a-Ge) thin films lack the desired electrical conductivity for device implementation [8] , [9] . As a result we have used laser annealing as a low temperature and localized means to crystalize the material and enhance its conductivity. In this work we report on p-doped germanium thin films via introduction of hydrogen into the deposition plasma to form a-Ge:H thin films [10] .
II. DEVICE FABRICATION PROCESS

A. Material Deposition
Multi-layered films were deposited on a polyimide insulating base layer (PI HD-Microsystem 2611) which was spin-coated onto a 3" silicon substrate to form the flexible anchor layer for the NIR photo-resistors. The wafer was previously thermally oxidized and cured at 350 °C to remove surface stress effects for the film deposition process. In order to thermally insulate the NIR sensing layer, we added a barrier layer comprised of a layer of silicon dioxide on top of a silicon nitride layer deposited by electron cyclotron resonance plasma 978-1-4799-8287-5/16/$31.00 ©2016 IEEE enhanced chemical vapor deposition (ECR-PECVD). The dielectric layers (SiO2 and Si3N4) were grown at 300 C with thicknesses of 50 nm and 400 nm, respectively. The Si3N4 layer was deposited from a mixture of silane (SiH4), ammonia (NH3) and helium (He) gases. The barrier layer provides thermal and electrical insulation and helps improving the adhesion for the NIR sensitive layers on the surface. The sensing layer (hydrogenated amorphous germanium) was deposited via PECVD at 300 °C, 0.3 mbar chamber pressure, and a power of 4W up to a thickness of 200 nm. Annealing has been shown to enhance both the electronic response and the charge transfer properties of IR sensitive thin films. Conventional thermal annealing using high temperature furnaces is precluded by the thermal instability of the flexible polyimide underlayer. In order to anneal the a-Ge:H while avoiding harmful thermal effects, laser annealing of the aGe:H layer was accomplished using a Xenon-Chloride (XeCl) excimer laser at 308 nm. The excimer laser has a pulse duration of 20-30 ns, which results in in a fast energy supply to the a-Ge:H layer. The relatively poor thermal conductivity of the barrier layer results in rapid annealing of the a-Ge:H, producing only modest temperatures (~200 ºC) at the surface of the polyimide flexible layer. We employ different shots per area of exposure as well as different power densities to reach an empirical tradeoff where the laser annealing produces an optimal degree of crystallization of the amorphous germanium films. Samples were mounted on an XY translation stage inside a vacuum chamber at 10-4 bar chamber pressure to allow sample movement and achieve uniform exposure.
B. NIR Photo-resistor Device Fabrication
To fabricate the designated IR sensing structures, photoresist was spin coated on the prepared a-Ge:H films and exposed through a lithographic mask designed to form an inter-digitated finger pattern on the resist layer. In a following step, 100 nm of aluminum was deposited over the structures via physical vapor deposition. The process steps are reported in more detail in Figure 1 : Figure 1 The detailed process flow of the device manufacturing on the IR sensitive annealed Ge:H layer The final flexible LDR devices were obtained by detaching the stack layer from the silicon wafer. The polyimide anchor layer provides both support and flexibility for the devices while thermally isolating the IR sensing layer from any potential thermal energy sink. Following their detachment from the silicon wafer, the devices were wire-bonded using silver epoxy adhesive and finally encapsulated using drop casting of a polydimethylsiloxane (PDMS) protective layer to shield the devices from moisture and ambient particles (Figure 2 ). Surface characterization confirms the localized changes in the material crystallinity which are further distinguished in the NIR responses of the laser annealed sensors that show higher degree of crystalline boundaries. 
III. REUSLTS AND DISCUSSION
We have used PECVD to deposit hydrogenated amorphous germanium on a multi-layer stack of silicon oxide, silicon nitride and polyimide to thermally insulate the IR sensitive aGe:H layer. The germanium layer has been laser annealed at different power densities and pulse rates to investigate the effects on the morphology and LDR response of the annealed material. Different interdigitated metal electrode patterns were deposited onto the samples to fabricate flexible NIR photoresistors. Surface characterization via scanning electron microscopy (SEM) confirms the effect of laser annealing, as the samples become more crystalline in proportion to the degree of annealing (Figure 3) . SEM images in conjunction with x-ray diffraction measurements confirm that the a-Ge:H samples subject to laser annealing with increasing laser pulse energy density and/or increasing number of pulses show an increasing degree of Ge crystallinity. As described in Figure 2 , various patterns of interdigitated metal electrode contacts were deposited on the laser annealed Ge layer to evaluate the I-V characteristics of the semiconducting layer and to fabricate flexible NIR photo-resistors. Electrical characterization of the devices shows a linear I-V response region over a large dynamic range (-10 to 10 V) at room temperature. The near infrared (NIR) optical response of the LDR devices was assessed using a NIR light emitting diode at 850 nm (OSMRAM-SFH 4783, 2300 [mW/sr]) and measuring the photocurrent in response to illumination. Measurements showed that the devices with higher degrees of crystallinity were more sensitive to the NIR radiation, while the response of the a-Ge:H devices was negligible. The IR response of the device was also investigated as a function of the distance of the IR source to the LDR devices using an on-axis optical setup. The results are displayed in Figure 4 . Since the IR sensing mechanism is considered to be photonic, we use the radiation model of a point source with an isotropic radiation profile to explain the device's photo-resistive response to the NIR source. Our findings show an inverse squared distance dependence of the device's photocurrent which confirms the validity of the applied radiation model. Also shown in the inset of Figure 4 , is an example of the I-V response of the LDR devices, showing linear behavior. In summary, we have demonstrated a platform for incorporation of Ge photo-resistive elements into flexible electronic devices.
Laser annealing of amorphous hydrogenated germanium films, suitably isolated from a flexible polyimide support layer, provide linear electrical response over a large dynamic range and show photo-response that obeys an inverse-square distance dependence. This work demonstrates the viability and control of laser annealing of aGe:H precursor films and more generally, provides a framework for the extension of other Ge-based circuit elements into flexible electronic platforms.
